Ethylene glycol in its ground conformation has tunneling transition with the frequency about 7 GHz. This leads to a rather complicated tunneling-rotational spectrum. Because tunneling and rotational energies have different dependence on the electron-to-proton mass ratio µ, this spectrum is highly sensitive to the possible µ variation. We used simple 14 parameter effective Hamiltonian to calculate dimensionless sensitivity coefficients Q µ of the tunneling-rotational transitions and found that they lie in the range from −17 to +18. Ethylene glycol has been detected in the interstellar medium. All this makes it one of the most sensitive probes of µ variation at the large space and time scales.
I. INTRODUCTION
Traditionally such values as α = e 2 hc -fine structure constant and µ = me mp -electron to proton mass ratio are considered unchanging over time and space. But since their exact values cannot be calculated within the Standard model, it is natural to question their invariability.
For the first time this issue was addressed by Dirac in 1937 1 ; he pointed out an interesting numerical coincidence (which is specific to current age of the Universe) between two large dimensionless ratios involving fundamental constants (H 0 -Hubble constant, c -speed of light,h -Planck constant, G -gravitational constant, α, m e , m p , etc.). More precisely, Dirac noticed that the ratio of electrostatic and gravitational attraction between a proton and an electron is the same order of magnitude as the age of the Universe in atomic units (atomic unit of time ish/α 2 c 2 m e ≈ 2.42 × 10 −17 s). He suggested that this coincidence should persist and thus some of the involved constants have to change over time.
Multiple other theories with slowly varying parameters appeared since then. They connect the drift of constants with the existence of additional dimensions in space 2 , or the different local density of matter around the Universe (Chameleon theories) 3, 4 , or with some global scalar field 5, 6 . Testing these models can lead to deeper understanding of physics.
On the contrary recent laboratory experiments [7] [8] [9] [10] [11] , astronomical observations and geophysical evidence 12 have placed tight constraints on the possible variation of α and µ; in fact they tempt us to declare an actual invariability of their numerical values. Current laboratory bounds (on 1σ level) are 7, 11 : |α/α| < 4 × 10
|μ/µ| < 3 × 10 −15 yr −1 .
The high redshift astrophysical observations lead to the following limits 13, 14 ( 1σ, presuming a linear change in
|α/α| < 6 × 10
|μ/µ| < 1.5 × 10
At the same time there is tentative astrophysical evidence that α is changing in space ("Australian dipole") 15 . These constraints obviously put limits on theories beyond the Standard model, so that constants should change slowly if not at all. Testing the "constancy of constants" such as α and µ is examining the Einstein principle of local position invariance: "the outcome of any local non-gravitational experiment is independent of where and when it is being carried out." In order to experimentally prove or refute invariability of constants more experiments are needed. In point of fact we are testing the laws of physics that we are currently using, the basis of our understanding of the Universe.
Using spectra from extragalactic sources for studying variation of constants was first proposed by Savedoff 16 . Later it was also shown 17 that molecular spectra provide a way to determine possible variation of µ. High sensitivity for µ variation may exist in molecules which have more than one equivalent potential minimum and which can tunnel between these minima 18 . A well-known example of this kind of molecule is ammonia, NH 3 , a compound fortunately abundant in interstellar medium (ISM). Mixed tunneling-rotational transitions can be even more sensitive to the change of µ. But highly sensitive transitions of this type can be seen only in asymmetric isotopologues of ammonia, NH 2 D and NHD 2 19 . Recently a large number of polyatomic molecules has been observed from the ISM at the redshift z = 0.89 20 27 . The strongest restriction for µ variation on a cosmological timescale (4) has been obtained by the observations of methanol spectra at redshift z = 0.89 14 . We suggest similar consideration of ethylene glycol C 2 H 6 O 2 . It has two equivalent minima in the lowest g Ga conformation, see Fig. 1 . Ethylene glycol has been detected in the comet C/1995 O1 (Hale-Bopp) 28 and in ISM to the center of the Milky Way galaxy 29, 30 . Also, recent success in detection of complex organic compounds 20 at high redshift gives us hope to spot ethylene glycol outside of the Milky Way. Therefore it is important to know which transitions in ethylene glycol are especially sensitive to the change of µ. In this paper we calculate sensitivity coefficients for a large number of transitions, including those which have not been observed yet.
II. METHOD
Let ω be a present-day experimentally observed transition frequency andω a frequency shifted due to possible time (and space) change of α and µ. This shift ∆ω =ω − ω is linked to ∆α and ∆µ through sensitivity coefficients Q α and Q µ (we do not consider hyperfine transitions, which may depend on additional parameters, such as nuclear g-factors):
For tunneling-rotational spectra of molecules built of light elements (Z < 10) the sensitivity coefficient Q α 1. At the same time typical coefficient Q µ > ∼ 1. Therefore we neglect α-dependence and link ∆ω solely with ∆µ:
∆µ =μ − µ , |∆µ/µ| 1 .
Experimental data for the spectrum of ethylene glycol are taken from Christen et al. 31 .
A. Effective Hamiltonian
Ethylene glycol molecule has several conformations, which correspond to the local minima of the potential. The lowest conformation is labeled as g Ga and is twofold degenerate 31 . One can see from Fig. 1 that two equivalent configurations differ mostly by the positions of the two end OH groups. It is this conformation that has been observed in the ISM [28] [29] [30] . Below we discuss effective Hamiltonian for this conformation.
Tunneling motion between two configurations of the g Ga conformation lifts degeneracy and causes 7 GHz energy splitting of the ground state 29 . For a rotating molecule there is strong Coriolis interaction between large amplitude tunneling mode and overall rotation 31 . Our main goal is to calculate sensitivity coefficients (6) for the tunneling-rotational transitions. To this end we need to define how the parameters of the effective Hamiltonian depend on the electron-to-proton mass ratio µ. This dependence can be reliably established only for the relatively simple Hamiltonians 24, 25 . More sophisticated Hamiltonian can provide better accuracy for the transition frequencies, but do not lead to significant improvement of the accuracy for the sensitivity coefficients.
We found out that reasonable accuracy for the tunneling-rotational spectrum is provided by the 14 parameter Hamiltonian, which in the molecular frame ξ, η, ζ has the form:
The first line corresponds to asymmetric top. For ethylene glycol A B > ∼ C, so we can use a basis set |J, K A for prolate top with K A ≡ J ζ . Lines (8b,8c) describe diagonal and non-diagonal in K A centrifugal corrections respectively. The line (8d) describes tunneling degree of freedom, where F is tunneling frequency, τ = ±1 is tunneling quantum number. Rotational constants weakly depend on the quantum number τ 31 , so we define A ≡ (A +1 + A −1 )/2 and W A ≡ (A +1 − A −1 )/2, etc. Parameters W i can be considered as centrifugal corrections to the tunneling frequency F 21 . Finally, we introduced two terms (8e), which are non-diagonal in τ and depend on the rotational quantum numbers. These terms describe Coriolis interaction between rotational degrees of freedom and the tunneling mode. This interaction becomes particularly important when levels with the same quantum number J, but different τ come close to each other. The term d 3 causes repulsion of such levels with ∆K A = 0 and the second one causes repulsion of levels with ∆K A = ±1. Addition of these two Coriolis terms to the Hamiltonian improves quality of the fit by more than two orders of magnitude. 
B. Determining µ-dependence of the effective Hamiltonian
Below we find parameters of the effective Hamiltonian (8) from the fit to the experimental spectrum 31 . However, we assume that, in principle, these parameters can be found from the ab initio calculations. Repeating such calculations with different values of µ we can find µ-dependence of our parameters. On the other hand, at least for the largest parameters of our Hamiltonian we can find approximate µ-dependence without extensive calculations. For example, rotational constants scale as 1/(M R 2 ), where M is nuclear mass and R is equilibrium internuclear distance. This means that in atomic units, which are traditionally used to define sensitivity coefficients, the rotational constants A, B, C scale as µ 1 . Similar arguments show that centrifugal corrections ∆ J , ∆ K , ∆ JK and d 1 , d 2 scale as µ 2 . The accuracy of these scalings is on the order of 1%, or so 24, 25 . Without calculating these scalings more accurately we can not improve the accuracy for the sensitivity coefficients Q µ by adding higher centrifugal corrections to our Hamiltonian.
In order to find µ-dependence of the constant F we can either do some model calculations for the tunneling mode 21, 32 , or use experimental data for the deuterated species 18 . We use the latter approach here. Using semiclassical arguments we can expect following scaling of the parameter F :
We can find parameters a and b from experimental values of F for two isotopologues of ethylene glycol: F = 6958 MHz for HOCH 2 CH 2 OH and F = 293 MHz for DOCH 2 CH 2 OD 31 . We consider deuterated molecule as one with a proton of a double mass.
According to Fig. 1 two degenerate configurations differ mostly by the positions of the OH (or OD) groups. We do not know the exact tunneling path and the respective effective tunneling mass. In the two limiting models the tunneling motion can be approximated as a rotation of the rigid OH groups, or simply as the motion of two hydrogen atoms. In the first case the tunneling masses for two isotopologues are
For the first case we get Q µ (F ) = 4.31 and for the second case Q µ (F ) = 3.91. Actual tunneling mass should lie between these two limiting cases, so the conservative estimate is:
Finally we need to determine µ-dependence for centrifugal corrections to the tunneling frequency W i and Coriolis parameters d 3 and d 4 . At present there is no accurate theory for these terms, but it is usually assumed 23, 25 that their scaling with µ is given by a product of lower-order Hamiltonian terms, in this case the tunneling and rotational constants. The sensitivity coefficients for the higher-order terms are thus given by
Knowing the scalings of the parameters of the effective Hamiltonian we can find µ dependence of the transition frequencies by diagonalizing H eff for several sets of parameters, which corresponds to different values of µ. 
III. NUMERICAL RESULTS AND DISCUSSION
The lowest part of the tunneling-rotational spectrum of ethylene glycol is shown in Fig. 2 . Effective Hamiltonian discussed above is used to model the spectrum and to calculate corresponding sensitivities Q µ . We fit 14 parameters from Eq. (8) to the experimental transition frequencies measured by Christen et al. 31 . Typical temperature of the ISM is T < ∼ 10K, so the levels with J > 5 are weakly populated. Transitions for higher J's observed in 29 correspond to the much warmer gas and are very broad (linewidths > 20 km/s). Because of that we use Hamiltonian, which includes only lowest centrifugal corrections and restrict our consideration to the levels with J ≤ 5. Results of this fit are presented in Table I . Achieved agreement is quite satisfactory taking into account relative simplicity of the model we use. The maximum deviation ∆ω from the measured frequency is 1.3 MHz, while the rms deviation is about 0.3 MHz.
The optimized parameters of the model are listed in Table II tested against the experiment and proved to be quite reliable. Within these limits we found 24 low frequency transitions listed in Table III . Some of them are shown in Fig. 2 . We estimate the accuracy of the predicted frequencies to be about 0.5 MHz.
We used the same optimal effective Hamiltonian to calculated sensitivities Q µ for all transitions from Tables I and III as was described in Sec. II B. In order to estimate the uncertainty for the obtained Q factors we made several additional calculations. The main error comes from the uncertainty (11), so we first calculated sensitivities for maximum and minimum values of Q µ (F ).
As we pointed out above, the theoretical grounds for Eq. (12) are not very solid. Therefore we repeated calculations of the Q factors with smaller number of fitting parameters. In particular, we successively turned each of the parameters d i and W i to zero and made fits for remaining 13 parameter sets. After that we calculated sensitivity coefficients Q µ for such restricted parameter sets. Note that according to Eq. (6) the value of Q µ is inversely proportional to the transition frequency ω. For the low frequency transitions predicted frequency may be quite sensitive to the values of the parameters and can be significantly different for the best fit and for the restricted fits. This part of the error is trivial and can be easily eliminated for example by using the experimental frequencies instead of the calculated ones. Because of that we excluded this error by using frequencies from the best fit in the denominator, while the frequency shift ∆ω in the numerator was recalculated for each restricted set of parameters.
After all these calculations being done we estimate the error ∆Q µ for each transition by taking maximum deviation from the main calculation with optimal parameters. In most cases maximum error comes from the uncertainty in the value of Q µ (F ). However, for some important transitions with high sensitivities the largest deviation corresponds to the fit with d 4 set to zero. The optimal value of this parameter is rather large and setting it to zero significantly influences both the frequencies and their µ dependence. The error associated with the parameter d 4 is particularly large for some of the most interesting lowfrequency transitions. On the contrary, transitions with sensitivities close to unity are not sensitive to any changes of the parameters discussed above. Here the main error comes from the uncertainty to which we know µ dependence of the rotational constants. In Refs.
24,25 this error was estimated to be about 1%. This is the minimal error of our calculation for the predominantly rotational transitions with Q µ ≈ 1.
Conclusion
During last few years the molecules with mixed tunneling-rotational spectra proved to be very useful for constraining possible µ variation on the large space-time scale. Current most stringent limit on such variation has been obtained with methanol 14 . There is large variability in the abundances of different species in the ISM and in observed intensities of different molecular lines. Because of that it is useful to study all potentially interesting molecules and transitions. In this paper we considered one of the last unstudied relatively simple molecules with the tunneling mode.
We found several low frequency transitions in the range between 0.8 and 7 GHz with high sensitivity to µ variation of both signs. Note that it is the difference in sensitivities that is important for the observation of µ-variation. The maximum difference in sensitivities for these transitions is close to 34. This is comparable to the differences earlier found for methanol 23, 24 . For a higher frequencies there are several transitions around 7.0 GHz with sensitivities Q µ ≈ 4.0 and one transition at 7.6 GHz with sensitivity Q µ ≈ −1.7. Small frequency differences may help to observe these lines simultaneously, minimizing possible systematic errors.
Ethylene glycol has been detected in the ISM 29, 30 , which makes it one of the perspective candidates for the search for µ variation. Observed lines from the cold molecular clouds in the Milky Way can be very narrow allowing for high precision spectroscopy. This can be used 24, 33, 34 to study the possible dependence of the electron-to-proton mass ratio on the local matter density, which is predicted by models with chameleon scalar fields 3, 4 . At the same time high redshift observations of the tunneling-rotational lines can be used to study µ variation on the cosmological timescale 14, 35 .
